Sudden death in patients with severe aortic stenosis is a well-recognised event which was estimated in older reports to occur in 5 to 15 per cent of patients (Mitchell et al., 1954; Takeda et al., 1963; Friedberg, 1966; Campbell, 1968) . With present clinical recognition and diagnostic catheterisation, patients are usually referred earlier for aortic valve replacement, and sudden death is rare.
Within 24 hours of cardiac catheterisation, 4 patients with critical aortic stenosis died suddenly with heart failure and cardiogenic shock. In all, pronounced left ventricular failure and severe pulmonary hypertension with increased pulmonary arteriolar resistance were found. Three others deteriorated suddenly after study and underwent successful emergency aortic valve replacement. Review of the haemodynamics in 3 other patients with critical aortic stenosis who died suddenly while awaiting elective valve replacement indicated a similar pattern. With this knowledge 5 additional subjects identified by similar haemodynamics after catheterisation were subjected to immediate aortic valve replacement, with survival. The SmeloffCutter aortic prosthesis was used in all operated ' Supported by grants from the Max Baer Heart Fund, Fratemal Order of Eagles and the American Heart Association, Golden Empire Chapter. Received for publication 25 July 1978 patients. These 15 patients are termed the subject group. Clinical and haemodynamic data concerning the subject group are listed in Tables 1 and 2 .
Methods and subjects
In order to investigate this problem, the records of 72 patients with critical aortic stenosis identified over a 5-year period were reviewed.
Haemodynamic data were determined in standard fashion by right heart catheterisation and by measurement of transaortic gradients by transseptal left ventricular catheterisation and central aortic catheterisation. Contrast injections were limited to the coronaries and aortic root alone because of the risk of transseptal left ventricular angiography (Braunwald et al., 1964) . Consequently, left ventricular injections for assessment of mitral regurgitation were not performed. Patients with more than minor angiographic evidence of aortic regurgitation were excluded. The clinical deterioration of patients after catheterisation could not be related to arrhythmias, the trauma of a prolonged procedure, or acute myocardial infarction.
Statistical analysis was applied using a negative t test to identify whether within the population separate subsets of individuals were present. Frequ.ency histograms and distribution curves of the 463 LA, left atrial mean; PA, pulmonary artery; Ao, aortic pressure; LV, left ventricle; CI, cardiac index (1/min); AVA, aortic valve area; PAR, pulmonary arteriolar resistance (dynes cm s-5).
entire population were generated by a computer and compared with those patients dying or suddenly deteriorating ( Fig.) .
Results
The haemodynamic profile of the 72 patients is presented in Table 3 . The normal value for the cardiac index was greater than 2-7 1/M2, the value for left ventricular filling pressure was 14 mmHg or less, and for the critical reduction in aortic valve area it was assumed to be 05 cm2 or less (Gorlin et al., 1955) . The normal value for pulmonary arteriolar resistance was less than 160 dynes cm S-5. As expected, in those dying suddenly or deteriorating after study, mean cardiac index and valve area were significantly reduced and left heart filling pressure was high. Though mean pulmonary artery pressure and resistance were somewhat raised for the entire population, in subjects dying suddenly or needing (Table 4) . However, when pulmonary arteriolar resistance was analysed, statistical correlation with death or deterioration increased by one order of magnitude. Patients dying suddenly or deteriorating suddenly had a higher pulmonary arteriolar resistance than the remaining population, averaging 591 dynes as compared with 130 dynes in the stable population (Fig.) . Pronounced reduction in pulmonary arteriolar resistance occurred in 3 patients restudied soon after operation (Table 5) . Additionally, the cardiac index rose and left ventricular filling pressure dropped, as did left atrial mean pressure and pulmonary artery pressure.
Reversal of the ventriculoatrial gradient was found in 13 of the 15 patients in the subject group (Tables 1 and 2 ). However, premature closure of the mitral valve was not felt to be the cause (Basu et al., 1978) since all subjects were in sinus rhythm and echocardiographic study of the mitral valve in 8 showed normal closing times. The 'reversed gradient' was felt to be the result primarily of the forceful increase in atrial contraction in enddiastole.
Discussion
Patients with aortic stenosis and congestive heart failure admittedly have a poor prognosis. In the subject group, 7 of 15 patients had severe heart failure and 5 had cardiogenic shock, occurring after catheterisation in 4 and before study in 1 patient who survived operation. In the clinically stable group, over 50 per cent had congestive failure but were well controlled medically. Sudden death from aortic stenosis has been well correlated with left ventricular failure, and with the duration of delay between catheterisation and the time of operation (Matthews et al., 1974) , but neither the pathophysiological mechanisms responsible for sudden death in aortic stenosis nor the pre-mortem haemodynamics are known. Data from this study suggest that resting pulmonary hypertension caused by increased precapillary resistance may occur as a late and near-terminal manifestation of aortic stenosis and, in combination with left ventricular failure, may formidably influence prognosis. The effect of this added resistance is to Pulmonary hypertension in disease of the left ventricle is not uncommon at rest and with exercise, and mortality, as reported by Trell (1973) , increases significantly with increasing levels of pulmonary artery pressure. In prior haemodynamic studies, pulmonary hypertension in aortic stenosis has been attributed to left ventricular failure alone without precapillary vascular obstruction (Kirsch et al., 1970; Trell, 1973; Matthews et al., 1974) . In contrast, we find that there may be pronounced pulmonary vasoconstriction in severe aortic stenosis, not unlike that seen in long-standing mitral stenosis (Gorlin et al., 1951) and perhaps serving the same physiological purpose of averting pulmonary oedema at the expense of right ventricular function (Wood, 1954) . Additional causes of pulmonary hypertension (Walston et al., 1973) were not apparent clinically but cannot be excluded since pulmonary function studies and arterial blood gases were not uniformly performed. However, there was no history of pulmonary disease in the subject population. Arterial oxygen tensions at the time of cardiac catheterisation were mildly reduced in 3 of the subject population. Mitral stenosis was excluded by left heart catheterisation, though mitral regurgitation (Gorlin et al., 1955) , critical reduction in this index has been the primary indication for surgery in symptomatic patients. Secondly, abnormal pulmonary vascular resistance and pulmonary hypertension have seldom been reported or sought (Smith et al., 1954; Pirincci et al., 1961; Kirsch et al., 1970; Lee et al., 1970; Trell, 1973; Matthews et al., 1974) , and analysis of the dynamics of the pulmonary circulation has not been considered a useful criterion for assessing diseases of left ventricular outflow.
All patients clearly showed haemodynamic findings of severe aortic valvular stenosis, and operation was warranted by these criteria alone. Only the timing of the operation was in question. 
